Abstract We retrospectively reviewed the experience of a large international multi-centre study of primary total knee arthroplasty with mobile bearing design and modifications of the tibial component to allow for bicruciate preservation, posterior cruciate retention, or sacrifice. Twenty-seven surgeons performed 4,743 total knee replacements between 1981 and 1997. Implants inserted were 324 that retained both cruciate ligaments, 2,165 that retained the posterior cruciate, and 2,254 that sacrificed both cruciates. The patella was resurfaced in 2,838 and unresurfaced in 1,905. With failure defined as revision or reoperation for any reason, the overall survivorship was 79% at 16 years' follow-up. Revision occurred in 259 (5.4%) knees out of the entire cohort. The risk adjusted rates of failure were higher in females, younger patients, osteoarthritis, posttraumatic arthritis, and in patients who had a meniscal bearing prosthesis or patellar resurfacing. The most common cause of revision was bearing-related issues including chronic instability, bearing subluxation, bearing dislocation, or bearing wear in 2.3%.
Introduction
Mobile bearing was originally introduced with the Oxford knee in 1977, which sought to improve articular congruity for improved wear characteristics using a spherical, congruous articulation while diminishing implant constraint with a floating surface [1, 26, 27, 36] . The Low Contact Stress (LCS.) knee prosthesis (DePuy, Warsaw, IN, USA), the subject of this outcome study, is a mobile bearing design with modifications of the tibial component to allow for bicruciate preservation (BCR), posterior cruciate retention (PCR), or sacrifice (RP) [7, 8] . The design geometry of these implants has remained unchanged since the original implantation in 1977. However, substantial differences in design concept arise from the tibia component modifications. For example, preservation or sacrifice of the cruciate ligaments may offer significant differences in clinical and kinematic performance. The surgical technique with the tibia-cutfirst approach and initial flexion-block spacing has remained the standard at centres using this prosthesis [12, 29, 30, 54] .
The aim for highly conforming mobile bearing implants to improve the durability of total knee arthroplasty by potentially reducing polyethylene wear and osteolysis have been desirable objectives [2, 34] . However, several authors have raised the concern that the introduction of additional complexity through the use of a moving bearing will also introduce new modes of device-related failure [6, 58] . The primary purpose of this study was to retrospectively evaluate the experience of a large multi-centre trial with a mobile bearing prosthesis to determine the occurrence of revision and failure. No manufacturing or design changes were made to the implants during the course of this experience. A minimum of a five-year follow-up was chosen as we wanted to study causes of early failure of the mobile bearing prosthesis likely to occur during this period. The tibial implant modifications offered the potential of evaluating different design concepts with an implant of similar design geometry. Specifically, all femoral components were identical and the tibial articulating surface geometries were matched to the femoral prostheses. Additionally, we wanted to assess the influence of independent variables such as age, sex, diagnosis, and type of fixation on the results of this mobile bearing total knee arthroplasty. We wanted to know if the rates of failure compared unfavourably with those in the literature. While we recognise that detailed outcome analysis includes the use of clinical assessment tools and radiographic follow-up studies, we determined that this amount of data accrual would not be feasible for the large number of patients surveyed. This international experience includes patients from diverse backgrounds with many different native languages spoken. We are unaware of a validated outcome tool that would cover the spectrum of these differences. As patients were not evaluated prospectively, we questioned whether clinical information or radiographs could be recovered to the level found in some national joint registries. However, we believe that important knowledge regarding implant safety and performance could be gleaned from the methodology of this study.
Materials and methods

Methods
This study included the results of 27 surgeons representing ten nations from around the world with extensive experience using the LCS mobile bearing prosthesis. Inclusion criteria were all primary total knee arthroplasties performed between 23 February 1981 and 1 January 1997. Exclusion criteria were unicondylar knee replacements, revision total knee arthroplasties, AP Glide configuration, and the use of all polyethylene tibial components. It is understood that these were consecutive case series, and that each surgeon was reporting on all mobile bearing prostheses inserted, although there may have been other implants used for certain complex or conversion cases that required elements such as stems or configurations that were never available with this system. For each surgeon, there were no exclusions of mobile bearing implants for any reason during the periods of study. Furthermore, each surgeon independently selected the specific implant design concept for his patients and this may have reflected his personal experience, philosophy, or bias. No rules were made for surgeon choice, and no centres were eliminated because of these choices.
The surgical procedure was standardised with initial ligament balancing followed by resection of the proximal tibia such that the surface was made perpendicular to the mechanical axis of the tibia in the coronal plane and parallel to the native tibial joint surface in the sagittal plane [9, 10] . The flexion gap was prepared using an anterior cortical reference and careful spacing to allow preservation of the anterior and posterior cruciate ligaments, retention of the posterior cruciate ligament, or sacrifice of both ligaments. The distal femur was then resected to create a femorotibial alignment of five to seven degrees in the coronal plane. The femoral component design requires a 15°sloped cut of the distal femoral surface in the sagittal plane. The patella was resurfaced with a mobile bearing metal-backed patella prosthesis or left unresurfaced based on the individual experience of the surgeon.
Retrospective data collection included those elements required for the survivorship analysis including the dates of the operative procedure, last follow-up, death, and failure. Failure was defined as revision or reoperation for any reason and included any procedure in which the tibial tray, femoral component, bearing or patellar component was exchanged or replaced with another device as well as periprosthetic fracture, patellar fracture, or ligamentous injury. Demographic data included age, sex, diagnosis, and extremity involved. It was noted whether the type of device used was bicruciate, meniscal bearing, rotating platform, or resurfaced patella, and whether fixation was either cementless or cemented. Pain, walking, or functional outcome questions were not recorded as these were not available using a standardised method. Range of motion, however, was recorded as this is considered to be quantifiable and routinely performed in most centres. In almost all the orthopaedic literature, unadjusted estimates are reported. For ease of comparison, the authors felt that unadjusted estimates should be exclusively reported. Dorey and Amstutz suggested that survival estimates be reported only when the effective sample size is greater than 20 cases and that guideline is followed in this report [18] . Relationship of the patient's age, diagnoses, gender, device configuration, and cement status on survival were assessed using the Cox model to perform a multi-factor analysis of survival of the implants. The log-rank test was used to compare the survival curves of the differing surgical techniques. Cox regression analyses provided hazard ratios, with 95% confidence intervals relative to the reference category, for significantly related predictor variables. The Chi-squared test was used for categorical analysis. SAS statistical software (version 8.2) was used for the statistical analyses.
Results
There were 4,743 total knee replacements performed between February 1981 and January 1997 with an average overall follow-up of 5.7 years (Table 1) . Of the entire cohort, 4,192 had either died or had not failed at the time of their last clinic visit (censored in the survival analysis; ( Table 2 ) There were 1,437 males and 3,306 females. There were 324 bicruciate-retaining implants (BCR); 2,165 posterior cruciate-retaining implants (PCR), and 2,254 rotating platform (RP) implants inserted. The patella was resurfaced in 2,838 and unresurfaced in 1,905. By diagnosis, 77.3% were osteoarthritic, 19% rheumatoid, 2.6% post-traumatic, and 1.1% other. The overall average age at surgery was 68 years. The mean age for the PCR and RP patients was 68 while that for BCR was 62 years. By diagnosis, the mean age was 69 for osteoarthritics, 64 for the other group, and 62 for post-traumatic and rheumatoid patients. The knee was right-sided in 52.2% and left-sided in 47.8% (Table 3) . Overall, 69% of all knees had cementless fixation while 31% had at least one component, either femur and tibia or just the tibia, fixed with cement. The patella was fixed cementless in 77% of cases. By implant type, 86% of patella components were implanted without cement with BCR; 74% in the PCR; and 80% in the RP (Table 4 ). The overall range of motion at last follow-up examination was 110°and was similar for each of the implant types. For the "other" group, the overall range of motion was 104°with 117°for the BCR and 98°for the RP subgroups. By device type, there were significant differences in diagnosis comparing all three implants. Overall, 62% of BCRs were performed in patients with osteoarthritis, compared with 72% for PCR and 84% for RP (Chisquared p<0.001). Concurrently, 35% of BCRs, 25% of PCRs, and 11% of RPs were performed in patients with rheumatoid arthritis (Chi-squared p<0.001). For gender, the BCR (71% female) and PCR (74% female) groups had higher percentages of females than the RP (65% female) group (Chi-squared p<0.001).
With failure defined as revision for any reason, the life table survivorship was 79% (95% CI: 74% to 84%) at 16 years' follow-up. Of the entire cohort of patients, this included a total of 259 (5.4%) failures by revision for any reason (Table 5) . By device type, the 14-year life table survivorship for BCR implants was 79%; PCR implants 82%; and RP knees 87% (Fig. 1 ). When we look at the life table survivorship rates at ten years' follow-up, the comparison is 89% for BCR, 91% for the PCR, and 94% for the RP implants. The overall 14-year life table survivorship for cementless fixation was 83% and for cemented fixation 84%. The life table survivorship of knees that had patellar resurfacing when considering all causes of failure was 80% at 14 years, while in the unresurfaced patellar group, survivorship was 91% at 13 years. The life table survivorship of the patella implants with failure or revision of patella for any reason was 98.6% at 15 years.
The overall life table survivorship for osteoarthritic patients was 80.7% at 15 years, while that for rheumatoid patients was 84.3% (NSD; Fig. 2) . By device type, survivorship was similar for the diagnosis of osteoarthritic and rheumatoid, except in the group of PCRs, which showed a trend toward greater survivorship of rheumatoid patients over osteoarthritics (89.6% vs. 83.8%, log-rank p=0.086). For osteoarthritics, the rotating platform design performed substantially better than either the PCR or BCR at 13 years (88.3% survivorship; log-rank p<0.01). However, for the rheumatoids, there was no significant difference amongst device groups.
The following variables were investigated in the Cox model: patient's age, diagnoses, gender, device configuration, and cement status. Every variable was statistically significant at the 1% level except for cement. Interpretation of the hazard ratios indicate that PCRs are 1.5 times and BCRs are 2.2 times more likely to fail compared with RP implants. Patients with osteoarthritis or post-traumatic arthritis are 1.8 times more likely to fail compared with rheumatoid arthritis and the "other" group. Patients with patella resurfacing were 1.8 times more likely to be revised compared with patients with patella non-resurfacing. Females are 1.5 times more likely to fail than males. For each year increase in age at the time of primary operation, the risk of failure goes down by 2.1% (Table 6 ).
The most common cause of revision was bearing-related issues (2.3%), including chronic instability, bearing sub- The overall survivorship at 16 years for aseptic loosening was 95% (CI: 91-98%). By device type, aseptic loosening ( Fig. 3 ) and sepsis were highest in the BCR group with 6.1% and 1.2% respectively. The highest failure group for bearing-related problems was the posterior cruciate retaining implant with 3.9% overall. This was compared with the BCR group with 2.4% and the RP group with 0.8% failures. The patellar failure rates were under 1% for all three implant types.
Discussion
Total knee arthroplasties with well-designed fixed-bearing prostheses have provided long-term fixation with prosthetic revision rates of 4 to 13% and survival rates of 85 to 95% with 10 to 23 years' follow-up depending upon the inclusion criteria [5, 15, 17, 22, 25, 31, 35, 38-40, 42, 43, 45, 48-52, 55, 56, 60] . Recent studies comparing posterior cruciate preservation or sacrifice in patients undergoing bilateral total knee arthroplasties have failed to show substantial differences in their clinical rating scores or functional outcome [4, 19, 53] . Furthermore, most published clinical reviews retrospectively evaluate a prosthetic device or surgical technique from a small group of surgeons over a period of time, and there appears to be little advantage of a specific approach, regardless of fixation or implant design. Many of these studies lack the statistical power to produce a conclusive answer, particularly if implants are inserted by expert surgeons. Callahan et al. evaluated the results of 9,879 tricompartmental knee replacements for 130 publications using a meta-analysis. In that group, the mean age was 65 years, with 72% of patients being women, and 63% having osteoarthritis. The postoperative global scores were statistically better with posterior cruciate retention compared with posterior cruciate sacrifice and substitution. The overall revision rate was 3.8% with a mean follow-up of 4.1 years, with 42% due to aseptic loosening, 29% due to mechanical failure, and 21% due to infection [14] .
Robertsson et al. reported the most recent update from 1988 to 1997 of the Swedish Knee Arthroplasty Register, indicating that the cumulative revision rate for total knee arthroplasty has dropped since 1976, but continues overall to approximately 1% per year of implantation. The average age for the overall group was 71, with 67% being women. By diagnosis, for osteoarthritis the age was 72, while in rheumatoids it was 66. Younger rheumatoid patients had results comparable to older osteoarthritic patients. Implant loosening accounted for 44% of revisions, sepsis 9.9%, and chronic instability 5.7% overall. Fixation of the femoral or patella components was not different with cemented or cementless fixation. The tibia prosthesis had a 1.4 times higher risk of revision if inserted without the use of cement. Revision of the painful patella that was unresurfaced was roughly balanced by fixation failure of the resurfaced patella [44] .
Rand and Ilstrup evaluated the cumulative rates of survival in 9,200 operations performed at the Mayo clinic between 1971 and 1987 from a collection of nine different implant types, including revision devices. They found that in patients with primary total knee arthroplasty, a diagnosis of rheumatoid arthritis, an age over 60 years or more, and the use of a condylar prosthesis with a metal-backed tibial component, the probability of an implant remaining in situ was 97% at ten years' follow-up. This, however, was compared with an overall cumulative survivorship of 81% at ten years with all primary knee arthroplasties [41] . The large cohort of patients in our study is unique to the extent that all implants were of similar geometry and inserted with a uniform tibia-cut-first surgical technique by all participating surgeons. The overall average patient age was 68, with 67% of patients being female, 77% having osteoarthritis, and 19% having rheumatoid arthritis. Fixation was cementless in 69% of femurs and tibias, with 77% of resurfaced patellae being cementless. The distribution of implants in this study was 47.5% RP, 45.6% PCR, and 6.8% BCR. In the device groups, there were significantly more patients with rheumatoid arthritis in the BCR group, and significantly more males with the RP prosthesis than females.
The overall revision rate of 5.4% at an average follow-up of 5.7 years closely approximates the 1% per year revision rate reported by other authors. With regard to the various subgroups of this study, there was a slight advantage of cemented fixation over cementless fixation at the longest follow-up. Compared with the rotating platform group, the PCR meniscal bearing group had a 1.5 times higher failure rate, and the BCR meniscal bearing group had a 2.2 times higher failure rate. This study and others have shown a higher bearing failure rate with the meniscal bearings of the latter two groups after ten years' follow-up compared with the more durable rotating platform inserts [11, 12, 29, 54] .
From a review of the literature, age, gender, and disease leading to surgery can affect the rates and types of failure following total knee arthroplasty. In general, rates of revision tend to fall with advancing age. As noted by Robertsson et al., this may result from reduced physical activity with less strain on the implant and the greater reluctance to revise elderly patients [44] . Rand and Ilstrup clearly demonstrated lower revision rates for rheumatoid arthritis after primary arthroplasty compared with osteoarthritis and post-traumatic arthritis [41] . Furthermore, females clearly had a lower revision rate overall and in the rheumatoid group [41, 44] .
In this study, the osteoarthritic and post-traumatic groups had a 1.8 times higher chance of failure compared with rheumatoids and the "other" group. There was a trend for rheumatoids to have longer survivorship over osteoarthritics in the posterior cruciate retaining group, but in the other implant groups, the outcomes were similar. When comparing osteoarthritics, survivorship was significantly better in the rotating platform group compared with the PCR or BCR groups. Age was significant as the rate of failure decreased by 2.1% for each increased year of age at the time of primary arthroplasty. We found gender to be significant to the extent that overall, females were 1.5 times more likely to experience failure than males. With regard to implant groups, failure in females was clearly greater in all three groups. Regarding the overall incidence for these groups, failure was twice as high with rotating platform and over four times as high for both the bicruciate and the meniscal bearings for females. We have no explanation for this finding.
From the literature, the incidence of bearing failure with the LCS meniscal bearing ranges from 2.5 to 3%, while that of the rotating platform is less than 1% [11-13, 29, 54] .
Chronic ligamentous instability resulting from inadequate gap balancing and poor surgical technique could be implicated as the most significant causes of these problems [9, 54] . In this, we combined the incidence of all problems related to bearing failure including instability, bearing dislocation, and bearing wear, as we believe the aetiological factors to be related. This accounted for revision in 3.9% of PCR, 2.4% of BCR, and 0.8% of the RP implants. Furthermore, 42.8% of revisions were caused by bearing failure, while 23.5% were related to mechanical loosening and 7.7% to sepsis. The overall rate of sepsis in this report was quite low at 0.4%, which is comparable with current literature standards. We cannot make further statements regarding measures or controls to eliminate infection, but can state that all reporting surgeons were experienced, high-volume surgeons with noted expertise in the field of total knee arthroplasty. The bicruciate group had a higher than expected rate of infection at 1.2%, which may be attributed to the higher incidence of difficult immunocompromised rheumatoid patients treated at certain centres. Over the course of this study, there has been a substantial shift in surgical technique with the vast majority of centres choosing the meniscal bearing option in 1980s, while those in the 1990s chose the rotating platform approach. The statistical methods remove the bias of surgeon choice, but evolving experience demonstrated the lower failure rates of the rotating platform implants, leading surgeons to switch to this method.
Polyethylene wear-related osteolysis is another failure mechanism leading to revision in certain problematic designs, with 16-30% incidence in some series [20, 21, 23, 37, 57, 59, 61] . An original design parameter of the LCS was optimising the amount of polyethylene contact stress by increasing prosthetic congruity and area contact of the device. An initial concern was the potential for backside wear of the dual articulating surface of the mobile prosthesis, although the LCS design used a hard, polished chromium-cobalt tibial tray, which attempted to minimise this wear. Retrievals of the LCS have not revealed significant backside wear, nor has there been articulation wear on the rotating platform peg or the meniscal bearing runners [16] . Conversely, some authors have reported concern about backside wear of modular fixed-bearing tibial components due to motion between the metal modular tibial tray and the polyethylene insert [21, 37, 57] . The occurrence of catastrophic periprosthetic osteolysis as a failure mechanism was extremely low in this multi-centre study, as it was noted in only two cases. However, it must be presumed that most patients with implant loosening in this study had chronic osteolysis as an important mechanism of failure. Lacking a radiographic review, we cannot posit the actual presence of osteolysis as a failure mechanism. Other reports evaluating the LCS prosthesis that have included radiographic analysis have rarely encountered osteolysis [8, 12, 29, 30, 54] . Nonetheless, it has been noted to have occurred [47] .
Patellofemoral failures have been noted in other investigations [3, 24, 28, 32, 33, 46] . These failures have been associated with poorly designed metal-backed components, patellar complications such as fracture or subluxation, and more subtle problems such as patellar "clunk." Several reports have indicated a high incidence of problems, ranging from four to 21% of cases [20, 21, 23, 37, 57, 59] . While the original designers reported excellent long-term results with the LCS mobile bearing patella, a number of other independent studies have shown similar experience with the rotating patella [10, 29, 30, 54] . In this study the results of patellar resurfacing were good, with an overall complication rate of 0.5% and a 15-year survivorship of 98.5%. We attribute this to a variety of factors including the favourable anatomical shape of the femoral component with a deepened intercondylar sulcus, the tibiacut-first technique, which optimises femoral component external rotation, and the highly conforming mobile patellar implant that maximises the area of contact through an arc of motion. Patellar non-resurfacing was done in later years, and has become the standard in several European centres. Although only a few cases have required secondary patella resurfacing, we are unable to project the longterm efficacy of this method.
In conclusion, this study is a large multi-centre survivorship analysis of the LCS mobile bearing total knee replacement, with technique and implants that have remained constant during the period of study. Patients at higher risk of failure are younger, female, osteoarthritic, and posttraumatic, who have undergone mobile meniscal bearing replacement. The most durable approach was the cemented, posterior cruciate sacrificing, rotating platform, device compared with other options. Reoperation for patellar problems was extremely low when compared with the general total knee experience and can be cited as favourable for the LCS implant. These advantages must be balanced against the persistent problems of bearing dislocation and bearing failure, which constituted the most significant causes of revision over other issues such as sepsis and implant loosening.
